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ABSTRACT
We obtained an axi-symmetric model for the large-scale distribution of stars and dust in the Milky
Way (MW) using a radiative transfer code that can account for the existing near-infrared (NIR)/mid-
infrared/submm all-sky emission maps of our Galaxy. We find that the MW has a star-formation rate
of SFR = 1.25±0.2 M/yr, a stellar mass M∗ = (4.9±0.3)×1010 M, and a specific SFR that is relatively
constant with radius (except for the inner 1 kpc). We identified an inner radius Rin = 4.5 kpc beyond
which the stellar emissivity and dust distribution fall exponentially. For R < Rin the emissivities fall
linearly towards the centre. The old stellar populations in the disk have an exponential scalelength
that increases monotonically from hdisks (K) = 2.2±0.6 kpc in the NIR, to hdisks (B) = 3.2±0.9 kpc at the
shorter optical bands, and a scaleheight that varies with radial distance, from zdisks (0) = 140 ± 20 pc
in the centre to zdisks (R) = 300 ± 20 pc at the solar radius. The young stellar populations have a
scalelength of htdisks = 3.2 ± 0.9 kpc and a scaleheight that varies from ztdisks (0) = 50 ± 10 pc in the
centre to ztdisks (R) = 90 ± 10 pc at the solar radius. We discovered an inner stellar disk within the
central 4.5 kpc, which we associate with the extended long bar of the MW. Most of the obscured star
formation happens within this inner thin disk. The diffuse dust is mainly distributed in a disk with
scalelength hdiskd = 5.2 ± 0.8 kpc and scaleheight z
disk
d = 0.14 ± 0.02 kpc. We give the first derivation
of the MW attenuation curve and present it as a functional fit to the model data. We find the MW
to lie in the Green Valley of the main sequence relation for spiral galaxies.
Key words: radiative transfer - Galaxy: disc - Galaxy: stellar content - Galaxy:
structure - ISM: dust, extinction - galaxies: spiral
1 INTRODUCTION
The Milky Way (MW) is our nearest astrophysical labo-
ratory for studying galaxy formation and evolution. Yet, a
good understanding of the global properties of our Galaxy,
including the total luminosity output of the different stellar
populations and their spatial distribution, the recent star-
formation rate (SFR), as well as its SF history, the total dust
mass and spatial distribution of dust opacity, the clumpi-
ness of the ISM, the radiation fields, are still uncertain (see
Bland-Hawthorn & Gerhard 2016 for a review on the struc-
tural, kinematic and integrated properties of the Galaxy).
Major questions of whether the Milky Way is a typical spi-
ral galaxy or a peculiar one, if its group environment and
galaxy interaction history has played a major role in shaping
? E-mail: cpopescu@uclan.ac.uk
its global properties, are still open and need to be addressed.
This is particularly important since the Milky Way is de-
facto the primary object used for investigations of galaxy
evolution via studies of galactic archeology.
Determination of the total luminosity and geometri-
cal distribution of the different stellar populations has been
usually done combining stellar population models with star
count data: the Besançon model (Robin & Creze 1986; Bien-
ayme et al. 1987; Robin et al. 1996, 2003), the SKY model
(Wainscoat et al. 1992; Cohen 1993, 1994, 1995), and the
TRILEGAL model (Girardi et al. 2005). However, these
inferences about the global distribution of stellar popula-
tions are limited by confusion and sensitivity of the sur-
veys used to derive them, in a way sensitively depending on
the galactic latitude due to the presence of high extinction
towards the inner Galaxy. Great progress has been made
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2012, 2014; Green et al. 2014, 2015; Schlafly et al. 2014)
in surveys of higher resolutions and sensitivity, such as the
Two Micron All Sky Survey (2MASS) and PAN-STARRS
(Kaiser et al. 2010) and are now further improved by the
Large Sky Area Multi-Object Fiber Spectroscopic Telescope
(LAMOST)(Cui et al. 2012) and GAIA (Perryman et al.
2001, Gaia Collaboration 2016, 2018, Lindegren et al. 2018).
For example, red clump stars surveys have been successfully
used to investigate the stellar structure of the Milky Way
(e.g. Wegg et al. 2015, Clarke et al. 2019, Li et al. 2020,
Sun et al. 2020, Yu et al. 2021). Nevertheless it is still dif-
ficult to derive a complete picture of the stellar emissivity
of the Milky Way, in particular at large distances from the
Sun, with many recent studies focusing on the anticenter
and the local neighbourhood (Li et al. 2021, Gontcharov &
Mosenkov 2021). Furthermore, even for GAIA, and notwith-
standing the very sophisticated Bayesian techniques for han-
dling selection biases (e.g. Green 2014), the effect of dust on
the derived stellar distributions are challenging to accurately
correct for, due to the very inhomogeneous distribution of
dust (on parsec scales) in the diffuse interstellar medium of
the galactic plane (Bovy et al. 2016). Therefore there is a
need for alternative methods which are capable of deriving
the complete distribution for all stars in the Galaxy.
It is also critical to get information about the very re-
cent star-formation history on time scales less than 1 Gyr,
in view of theoretical predictions of large-scale variations
in the spatial pattern of this star-formation, resulting from
feedback episodes operating on timescale of several hundreds
Million years (Tacchella et al. 2016).
Another quantity of physical importance is the distri-
bution of dust, which is important not only in its own right,
but also because it is increasingly recognised that dust is a
good tracer of gas (Eales et al. 2012, Groves et al. 2015).
Traditionally dust has been inferred either from extinction
measurements of stars (Lada et al. 1994, Lombardi & Alves
2001, Marshal et al. 2006, Lombardi 2009, Rowles & Froe-
brich 2009, Schlafly et al. 2010, Berry et al. 2011, Lallement
et al. 2014, Chen et al. 2014, Hanson & Bailer-Jones 2014,
Alves et al. 2014, Green et al. 2014, Schlafly et al. 2014,
Green et al. 2015, Lallement et al. 2018a,b, Green et al.
2019, Wang & Chen 2019, Hottier et al. 2020, Ferreras et
al. 2021) or through direct measurements of dust emission
(Reach et al. 1995, Sodroski et al. 1997, Schlegel et al. 1998,
Finkbeiner, Davis & Schlegel 1999, Drimmel 2000, Drimmel
& Spergel 2001, Planck Collaboration XI 2014, Planck Col-
laboration XXII 2015, Planck Collaboration X 2016, Meisner
& Finkbeiner 2015, Odegard et al. 2016). The measurements
from dust extinction have the great advantage that one can
get distances for the absorbing structures, since the distances
of stars are known, but have the disadvantage that one can’t
probe opaque structures in this way. Measurements of dust
in emission probe all dust in the galaxy, but with the price
that it is challenging to extract the geometrical distribution.
The way to overcome the disadvantages of these previ-
ous methods while retaining the advantages of them is to
self-consistently take into account both the extinction and
emission processes, by performing a radiative transfer (RT)
calculation that follows the propagation of photons from all
stellar populations and predicts the response of dust grains
to the ambient radiation fields (Popescu 2021). To avoid
the biases mentioned before about star counts the radia-
tive transfer methods should ideally not invoke geometrical
constraints from star counts, but rather derive the geomet-
rical distributions of stars and dust through a comparison of
predicted images with observed surface photometry in both
direct stellar light and dust re-radiated stellar light.
There has been little work on radiative transfer mod-
elling of the Milky Way. Misiriotis et al. (2006) fitted the
NIR images of the Milky Way with model images produced
with radiative transfer calculations using a description for
the distribution of stars and dust taken from Popescu et
al. (2000). However, this study did not self-consistently link
the dust emission with the radiation fields derived from ra-
diative transfer calculations. A fully self-consistent model
was achieved by Robitaille et al. (2012), who developed a
non axi-symmetric RT model of the Milky Way based on
the SKY model of Wainscoat et al. (1992). The model was
constrained by the mid-infrared (MIR) observations com-
ing from GLIMPSE (Benjamin et al. 2003; Churchwell et
al. 2009), MIPSGAL (Carey et al. 2009), and IRAS surveys
(Miville-Deschênes & Lagache 2005), but not by observa-
tions longwards of 100 micron, which incorporate the peak
of the dust emission spectral energy distribution (SED) in
the FIR and constrain the total dust luminosity, and by ob-
servations in the submm, which constrain the dust opacity.
Furthermore, the model did not incorporate local absorp-
tion and emission in the star forming regions, which are the
main contributors to the mid-infrared emission in star form-
ing galaxies in the 25 and 60 micron bands.
The Plank data allowed for the first time a good spectral
and spatial coverage of the Milky Way, presenting us with
the opportunity to do a comprehensive radiation transfer
modelling of surface photometry of the Milky Way from the
NIR to the submm. The main challenge is the lack of di-
rect observation in the ultraviolet (UV) and optical range.
This is a very significant problem as we know from studies of
external galaxies that UV is not only important in heating
dust around star-forming regions but also dust in the diffuse
ISM (Popescu et al. 2002, Hippelein et al. 2003, Popescu et
al. 2005, Sauvage et al. 2005, Hinz et al. 2006). The second
challenge is overcoming the degeneracy between luminosity
and distance for both stellar and dust emitting structures.
One possibility is to use radio spectroscopic observations
of gas tracers and invoke some physical link between dust
grains and gas in galaxies to derive the distribution of dust.
However, the transformations between the radio tracers and
the actual distribution of the gas are themselves challeng-
ing to physically model and are empirically uncertain. This,
in turn, may potentially introduce systematic error into the
model predictions for the ISRF. To overcome these chal-
lenges we use a self-consistent radiative-transfer modelling
approach in combination with state-of-the art all-sky emis-
sion observations of the Galaxy, as provided by the COBE,
IRAS and Planck maps in the near-, mid-, far-infrared and
submm.
Here we present the second paper (Paper II) on a se-
ries devoted to the modelling of the Milky Way. In Paper I
(Popescu et al. 2017) we showed the solution for the radia-
tion fields of the Galaxy and described the implications of
our model for the gamma rays produced via inverse Comp-
ton scattering for cosmic ray (CR) electrons, as well as for
the attenuation of the gamma rays due to interactions with


































MW RT model 3
the stellar and dust distribution of the Milky Way, and de-
scribe the implications of the new model for the broad field
of galaxy formation and evolution.
The modelling of the Milky Way is part of a general ef-
fort to model the SEDs of galaxies. Our RT model has been
successful in accounting for both the spatial and spectral
energy distributions of individual galaxies (Popescu et al.
2000a; Misiriotis et al. 2001; Popescu et al. 2004; Popescu
et al. 2011 - PT11; Thirlwall et al. 2020) and in predicting
the statistical behaviour of a variety of observables of the
population of spiral galaxies in the local Universe (e.g. Möl-
lenhoff et al. 2006, Driver et al. 2007, 2008, 2012; Graham &
Worley 2008; Masters et al. 2010; Gunawardhana et al. 2011;
Kelvin et al. 2012, 2014; Grootes et al. 2013, 2017; Pastrav et
al. 2013a,b; Vulcani et al. 2014, Leslie et al. 2018). Grootes
et al. (2014) has shown that using the RT model of PT11
to correct the fundamental scaling relation between specific
star-formation rates, as measured from the UV continuum,
and stellar mass for the effects of dust attenuation leads to a
marked reduction of the scatter in this relation, confirming
the ability of the PT11 model to predict the propagation of
UV light in galaxies. Davies et al. (2016) has shown that,
when critically compared and contrasted with various meth-
ods to derive star-formation rates in galaxies, the one using
this RT method gives the most consistent slopes and nor-
malisations of the SFR-specific stellar mass relations.
The paper is organised as follows: In Sect. 2 we present
the COBE, IRAS and PLANCK maps used to constrain the
model and the processing of the data. The main components
of the model and its parameters are introduced in Sect. 3,
while the radiative transfer codes are described in Sect. 4.
The optimisation procedure and the main steps taken in
fitting the NIR/FIR/submm images of the Milky Way are
described in Sect. 5. The results for the global properties
of the Milky Way are given in Sect. 6. In the same section
we also give the results for the spatial distributions of stars
and dust. In Sect. 7 we discuss our predictions regarding the
spatial variation of different physical quantities (e.g. SFR,
stellar mass). We also make predictions for the attenuation
curve of the Milky Way. In Sect. 7.4 we compare the solu-
tion obtained for the Milky Way with solutions derived for
external galaxies. We give the summary and conclusions in
Sect. 8.
2 DATA AND EMISSION STRIPS
The data we used in this work include full-sky zodiacal-light
subtracted maps from COBE, IRAS and PLANCK. Specif-
ically, we included the bands centred at 1.2, 2.2, 3.5, 4.9,
140 and 240 µm from COBE DIRBE (downloaded from the
CADE database1); at 12, 25, 60 and 100 µm from IRAS
(IRIS reprocessing2, Miville-Deschênes & Lagache 2005);
and at 350, 550 and 850 µm from PLANCK High Frequency
Instrument (see Ade et al. 2014 and Adam et al. 2015, maps
downloaded from NASA/IPAC Infrared Science Archive3).





the CO J = 3 -> 2 line using the CO emission maps provided
by the Planck collaboration (Planck Collaboration 2014, pa-
per XIII). We also masked the central 1 deg square around
the Galactic centre in the maps from 140 to 850µm, because
of the presence of a bright source not included in our model.
The observed all-sky FIR maps are known to display
a pattern of irregular dust emission structures, particularly
visible at Galactic latitudes higher than a few degrees, and
most probably made of predominantly nearby Cirrus clouds.
In order to avoid contamination from these nearby struc-
tures, as well as from extragalactic sources, we limited the
comparison between data and model maps within a strip
of fixed size in latitude, centred around the Galactic Plane.
This procedure also eliminates any possible Galactic dust
emission halo contribution from the data, should such an
emission component exist and be important. We refer to
the strip centred around the Galactic Plane as the “Galactic
Plane Strip”. Its size is ±5 deg for the wavelengths from 12
to 850 µm (dominated by dust emission). In the NIR bands,
between 1.2 and 4.5 µm, where the emission is dominated by
stellar emission, a larger strip in latitude was needed, of ±15
deg, in order to include the bulge emission and the emission
from the old stellar populations belonging to the disk, which
becomes more vertically extended at large radii. In order to
subtract the background emission from the Galactic Plane
Strip and take into account the background variability with
longitude, we estimated the background in regions of 2 deg
in latitude above and below the Galactic Plane Strip and at
regular 1 deg intervals in longitude. Then, a linear function
was used to fit the background for each bin in longitude. In
this way, we subtracted the background separately for each
set of pixels located within each of these narrow longitude in-
tervals. Examples of background-subtracted Galactic Plane
Strip maps derived from observations at various wavelengths
are given in the left panels of Fig. 1.
The Galactic Plane Strip maps were used to produce av-
eraged longitude and latitude profiles. The longitude profiles
were averaged over latitude and mirrored (between clock-
wise and anti clock-wise directions with respect to the Galac-
tic Centre direction). Because of the mirroring we redefine
the longitudes within the (180◦, 360◦) range as negative lon-
gitudes (−180◦, 0◦). The latitude profiles were averaged over
longitude and mirrored with respect to the Galactic Plane
(averaged between positive and negative latitude). These ob-
served averaged profiles were used to fit the axi-symmetric
model of the Galaxy. Examples can be seen in Figs. 2 - 6.
The errors in the derived averaged surface brightnesses
have been calculated by taking into account the calibra-
tion errors, the background fluctuations and the configu-
ration noise (arising from deviations of the observed bright-
ness from an axisymmetric distribution). These derivations
are detailed in Appendix A and the corresponding errors
are plotted as grey shades surrounding the observed pro-
files from Figs. 2 - 6. Overall the errors are dominated by
the configuration noise, although the weight of the different
sources of error vary largely with wavelength, and position


































4 G. Natale et al.
Figure 1. Observed (left) and model (right) background-subtracted Galactic Plane Strip (as defined in Sect. 2) maps of the Milky Way.
We note that we did not try to reproduce the complex peanut/boxy shape of the bulge, but instead we used a simple de Vaucouleurs
bulge in the model.
3 MODEL DESCRIPTION
Our model is based on the axisymmetric RT model of PT11
for the UV to submm emission of external galaxies, in which
the geometry of dust opacity and stellar emissivity is pre-
scribed by parameterised analytic functions. While retain-
ing this overall formalism, an optimisation was performed
for the geometrical parameters of the morphological com-
ponents of the MW, based on the detailed surface bright-
ness photometry available for our Galaxy, in particular on
Planck data. At the same time we also had to implement a
new methodology that deals with the inner view of a galaxy
and with the lack of direct observational constraints in the
UV-optical regime within the solar circle.
Thus our model of the Milky Way contains the stel-
lar and dust components from the generic model of PT11,
the old stellar disk (the disk) and associated dust (the dust
disk), the young stellar disk (the thin disk) and associated
dust (the thin dust disk), the stellar bulge and the clumpy
component. The terminology used here was motivated by the
vertical extent of the different stellar and dust/gas compo-
nents, starting with the thinner structure, that of the molec-
ular layer of a galaxy where young stars form, which is known
to have a scaleheight in the range 50-90 pc. This is usually
called the thin disk by the community working on molecular
gas measurements and star-formation and this was also the
terminology adopted when we first introduced the modelling
technique in Popescu et al. (2000), and which we continue
to use in this paper. Thus, we describe our model as hav-
ing a thin disk (scalelength up to 90 pc) and a disk (scale-
length up to a few hundered pc). There is however another
astrophysics community, looking at galaxy haloes and ex-
traplanar disks, or working on N-body/SPH simulations for
galaxies, which refers to a “ultra thin disk” and a “thin disk”,
respectively (also used in the review of the Milky Way by
Bland-Hawthorne & Gerhard 2016). We continue to use our
previous terminology, but draw the attention to the reader
of the variations in terminology found in the field.
In addition to the stellar and dust components used in
the generic model of PT11, we found that for the Milky Way
it was neccesary to introduce an inner stellar component, ref-
ered to as the “inner thin disk”, and to alter the exponential
behaviour of the surface brightness distribution in the cen-
tre of the disk components. Thus in our model of the Milky
Way the stellar volume emissivity and the dust density dis-



































































MW RT model 5
Figure 2. Left: Longitude profiles averaged over latitude and mirrored (between the clock-wise and anti clock-wise directions with respect
to the Galactic Centre direction). Because of the mirroring we present the profiles with the x-axis as (−180◦, 0◦) instead of (180◦, 360◦).
Right: Latitude profiles averaged over longitude and mirrored with respect to the Galactic Plane. The profiles are derived from the
Galactic Plane strip (see Sect. 2) and are plotted at wavelengths in the submm-FIR range, with continuum black-line for the observations
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Figure 3. As in Fig. 2, but for wavelengths in the FIR-MIR range. In the MIR we also plot the contribution of the diffuse (blue
























































MW RT model 7
Figure 4. As in Fig. 2, but at 24µm. We also plot the contribution of the diffuse (blue dotted-lines) and clumpy (green dotted-lines)
components to the dust emission profiles.


































8 G. Natale et al.
Figure 6. As in Fig. 2, but in the J band. We note that we did not try to reproduce the complex peanut/boxy shape of the bulge, but
instead we used a simple de Vaucouleurs distribution. In particular at this band where the attenuating effects of the dust start to play a
role, the interplay between dust attenuation and a more complex stellar distribution means that our simple model of the bulge cannot
reproduce the data.
where R and z are the radial and vertical coordinates, hi is
the scale length, zi(R) is the scale height dependent on the
radial distance R, Ao is a constant determining the scaling
of ji(R, z), χ is a parameter describing the linear slope of
the radial distributions interior to an inner radius Rin, R
is the radial distance of the Sun to the galactic center, as-
sumed here (and in Paper I) to be R = 8 kpc, and Rt is
the truncation radius of the exponential distribution. As in
Paper I we also assume z = 0. In principle χ and Rin should
also carry an index “i”, but because these parameters were
found to be the same for all dust and stellar components
of the MW model, we omit their index “i”. We anticipate
that the particular shape for ji(R) at short radii, deviating
from the exponential function, has been motivated by the
impossibility of reproducing the flat shape of the observed
average surface brightness as a function of longitude using
the former function. Instead, as it will be seen in Sect. 5, the
linear decrease at low radii allows to reproduce the observed
profiles. Similarly, the less cuspy latitude profiles of the ob-
served images were better reproduced by a ji(z) following a
sech2 law rather than an exponential, and the variation of
the latitude profiles along the latitude required the intro-
duction of a flare of the vertical distribution, by considering
a general expression for zi(R) as given in Eqs. 4 and 5.
It is well known that the Milky Way has a complex
boxy/peanut bulge (see Bland-Hawthorne & Gerhard 2016,
Wegg et al. 2015). However, for the purpose of our axi-
symmetric model we implement in this paper an ellipsoidal
bulge described by a Sersic distribution. The implications of
this simplication will be discussed later in the paper. Thus,
we used a Sersic distribution whose stellar volume emissivity
jν(R, z) is defined as:













where b/a is the axis ratio, Re is the effective radius and bs
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bs =

1.67835 for ns = 1
3.67206 for ns = 2
5.67017 for ns = 3
7.66925 for ns = 4
9.66872 for ns = 5
11.6684 for ns = 6
13.6681 for ns = 7
15.6679 for ns = 8
17.6678 for ns = 9
19.6677 for ns = 10
(8)
The integration of the model distributions
(Eqs. ??,??,??) provides the total luminosity spectral
density Li(λ) (Eq. ??), if these refer to the stellar com-
ponents, or the total dust mass Mdust (Eq. ??), if the
distributions describe the dust components. For a fixed
geometry, the stellar luminosity is proportional with the
amplitude of the model distribution (central volume lumi-
nosity density) and because of this we refer to this as to
amplitude parameters. For the dust distribution we prefer
to use the central face-on dust opacity (Eq. ??) as the
amplitude parameter.
In the following we clarify the functional shapes and
properties of each component.
3.1 Stellar components
3.1.1 The disk
The disk component containing the old stellar populations
and emitting preferentially in the optical and NIR is de-





χdisks and the amplitude parameters L
disk (λ). At the wave-
lengths available to observations (J, K, L, M bands), the
values of these parameters are constrained from data, as
described in Sect. 5. For the optical regime, where no infor-
mation is available, we assumed that the scalelength hdisks
increases with decreasing wavelength in the same ratio to
the K band scalelength (which is contrained from data) as
in the generic model of PT11 (their Table E.1). By the same
token, the scale-height zdisks was fixed from PT11 to be the
same at all wavelengths, assumption that was successfully
tested to be correct for the available observations in J, K,
L, M (see Sect. 5). In addition, the parameters Rdiskin,s and
χdisks were also found to be independent of wavelength, and
therefore fixed to the values derived from the available ob-
servations. The SED of the intrinsic stellar emissivity in the
B,V,I was assumed to have the shape (color) of the fixed
template from Table E.2 in PT11, and was scaled to the
amplitude of the SED constrained from observations in the
NIR.
3.1.2 The thin disk
The thin disk component containing the young stellar popu-
lations dominates the output in the UV and is described by







the amplitude parameters Ltdisk. Since for the young stellar
populations there are no direct observational constraints, the
value of these parameters were constrained from the dust
emission data, as described in Sect. 5, under the assump-
tion that htdisks and z
tdisk
s do not vary with wavelength, as in
PT11, and that the color of the SED of the intrinsic stellar
emissivity is that given in Table E.2 from PT11. For the
fixed colour of the SED, the total luminosity of the young
stellar disk Ltdisk is expressed in terms of a star-formation
rate SFRtdisk, using Eqs. 16, 17 and 18 from PT11. As in our
previous modelling, we prefer to use SFRtdisk as the ampli-
tude parameter instead of Ltdisk.
3.1.3 The inner thin disk
The inner thin disk component is described by the geomet-







the amplitude parameters Lin−tdisk(λ). The inclusion of this
additional stellar component was motivated by the observed
data in both stellar and dust emission. The value of the cor-
responding parameters were therefore constrained from data
as described in Sect. 5.
3.1.4 Bulge
The bulge of the Milky Way is known to have a rather pe-
culiar shape (boxy/peanut shape)(Bland-Hawthorne & Ger-
hard 2016, Wegg et al. 2015) and, in addition, a bar com-
ponent tightly connected to the bulge structure (Martinez-
Valpuesta & Gerhard 2011, Romero-Gomez et al. 2011,
Wegg & Gerhard 2013, Wegg et al. 2015). This clearly
non axis-symmetric feature cannot be reproduced in detail
by our simple description for the bulge volume emissivity.
In this work we used the Sersic distribution with ns = 4
(Eqns. 6, 7, 8), which, although imperfect, gives some over-
all description of the average longitude and latitude surface
brightness profiles at most bands.
3.2 Dust components
3.2.1 The dust disk
The dust disk is one of the main components of our generic
model from PT11, and it describes the large scale distribu-
tion of diffuse dust associated with the bulk of the stellar
population in a galaxy and with the HI gas. Its main char-
acteristic is a scaleheight zdisk
d
that is smaller than that of
the old stellar populations zdisks , but still larger than that
of the young stellar populations ztdisks . Another feature is
a scalelength hdisk
d
that is larger than that of the old stellar
disk hdisks . These characteristics have been first derived from
modelling edge-on galaxies by Xilouris et al. (1997, 1998,
1999), and have been used and shown to account for the
panchromatic modelling of edge-on galaxies in Popescu et
al. (2000), Misiriotis et al. (2001) and Popescu et al. (2004),
and adopted in our generic model of PT11. Further studies
made by other groups have also confirmed these characteris-
tics (Bianchi & Xilouris 2011, Schechtman-Rook et al. 2012,
De Geyter et al. 2013, 2014). As we will show in this paper,
these characteristics are found to be exhibited by the dust
disk of the Milky Way as well. As with the stellar disks, the






































10 G. Natale et al.
Table 1. The geometrical parameters of the model that are con-
strained from data. All the length parameters are in units of kpc.
Rin 4.50±0.03
χ 0.5±0.1
hdisks (J, K, L, M) (2.20, 2.20, 2.6, 2.6) ±0.6
zdisks (0, Rin, R) (0.14, 0.17, 0.30)±0.02
htdisks 3.20±0.9
hin−tdisks 1.00±0.3
zin−tdisks (0, Rin, R) (0.05, 0.067, 0.09) ±0.01
hdiskd 5.2 ±0.8
zdiskd 0.14±0.02




. The amplitude parameter is the B-band central
face-on opacity τf,disk(B).
3.2.2 The thin dust disk
The thin dust disk is a generic feature of the PT11 model,
and represents the diffuse dust associated with the young
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stellar disk, assumption that is kept in the modelling of the
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. The amplitude parameter
is the B-band central face-on opacity τf,tdisk(B).
3.2.3 Clumpy component
Another generic feature of the PT11 model which we pre-
serve here is the clumpy component, representing the emit-
ting dust in the vicinity of young star-formation regions.
The clumps have small filling factor in our model, such
that they do not affect significantly the light propagating on
kpc scales, but they block efficiently the light from young
stars inside the clouds. The absorbed luminosity is then re-
emitted strongly in the mid-infrared where this component
dominates the observed total emission. In our generic model
the clumpy component was assumed to follow the same dis-
tribution as that of the young stellar disk. For the Milky
Way, however, we found that the clumpy component is not
so extended as the young stellar disk, but rather follows the
same distribution as the inner thin disk. The clumpy com-
ponent is described by the amplitude parameter F, which
was defined in Popescu et al. (2000a) and Tuffs et al. (2004)
to represent the fraction of the total luminosity of massive
stars locally absorbed in star-forming clouds (see Sect. 2.5.1
from PT11 for a detailed description of the escape fraction
of stellar light from the clumpy component).
4 THE RADIATIVE TRANSFER CODES
For the purpose of finding a solution for the stellar emis-
sivity and dust distribution of the Milky Way we used both
the radiative transfer code from Popescu et al. (2011), which
utilises a modified version of the Kylafis & Bahcall (1987)
code, and the DARTRay code (Natale et al. (2014, 2015,
Table 2. The geometrical parameters of the model that are fixed
from PT11 or from other considerations. All the length parame-
ters are in units of kpc.
hdisks (B,V, I ) 3.20, 3.10, 2.80
ztdisks (0, Rin, R) 0.05, 0.067, 0.09
htdiskd 3.20
ztdiskd (0, Rin, R) 0.05, 0.067, 0.09
Rt 14.
ns 4
2017). The Kylafis & Bahcall (1987) code employs a ray-
tracing algorithm and the method of scattered intensities,
introduced by Kylafis & Bahcall (1987) in an implementa-
tion by Popescu et al. (2000a), which (as in the original im-
plementation of Kylafis) avoids obvious pitfalls highlighted
by Lee et al. (2016), while preserving speed and accuracy,
as demonstrated in Popescu & Tuffs (2013) and Natale et
al. (2014). The DARTRay is a ray-tracing code that pro-
vides an explicit calculation of all orders of scattered light.
However, DART-Ray does not use a brute-force ray-tracing
algorithm, but takes advantage of the fact that the radiation
sources within a model do not contribute significantly to the
radiation field energy density everywhere but only within a
fraction of it called the source influence volume. DARTRay
estimates the extent of the source influence volumes and per-
forms radiation transfer calculations only within them. As
shown in Natale et al. (2017), in dusty objects the extent of
this volume could be quite reduced relative to the size of a
model, especially for the scattered light sources, which are
low intensity sources compared to the sources actually pro-
ducing radiation, such as stars and dust thermal emission.
The efficiency of the latest version of the DARTRay code
has been tested in Natale et al. (2017) for the Milky Way
model presented here. Because the model developed in this
work is an axi-symmetric model, we use the 2D mode of the
DART-Ray code, which is about a factor of 8 times faster
than the standard 3D mode.
While most of the optimisation has been done using the
Popescu et al. (2011) code, results have been checked run-
ning both codes. In addition, the surface brightness maps,
as seen by an observer within the RT model, have been
produced with DART-Ray. The output is in HEALPix for-
mat, which is a format used in all-sky surveys, including the
Planck data used in this work.
In the mid-infrared the model maps had to be calculated
using dust self-absorption, and for this reason the DART-
Ray code was used to derive them. In the FIR/submm the
effect of dust self-absorption is negligible, so the galaxy was
considered transparent at these wavelengths.
The linear resolution of the calculations was up to 25 pc,
which is easily sufficient to model the resolved latitude pro-
files for structures at the galactic centre. In addition the
data, which was highly resolved, showed no additional struc-
ture (e.g. a thinner layer in z) with sizes below the resolution
of the code. For the optimization of the infrared radiation
fields, the relevant angular resolution is that of IRAS and
Planck bands, which is 5′, corresponding to a linear resolu-
tion of approximately 12 pc at the galactic centre. The equiv-
alent numbers for COBE (tracing direct stellar light from old
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stants (from UV to submm) of the dust model used in the
computations were those of Weingartner & Draine (2001)
and Draine & Li (2007), whose grain model incorporated a
mixture of silicates, graphites and PAH molecules. These op-
tical constants are appropriate to model diffuse interstellar
dust in the MW, as Draine & Li (2007) optimized the rela-
tive abundances and grain size distributions of the chemical
constituents to fit the extinction law and IR/submm emis-
sivity of translucent high latitude Cirrus dust clouds in the
solar neighbourhood. The model for the dust emission incor-
porates a full calculation of the stochastic heating of small
grains and PAH molecules. As described in PT11, our model
accounts for possible variations in the IR/submm emissivi-
ties of grains in dense opaque molecular dust clouds by em-
ploying dust emission templates empirically calibrated on
observed IR/submm emission spectra when accounting for
the emission from such structures.
5 FITTING THE SURFACE BRIGHTNESS
PHOTOMETRY FROM NIR TO SUBMM
Fitting the detailed surface brightness photometry of the
Milky Way in all accessible wavelengths is equivalent with
optimising for the detailed geometry and amplitude (lu-
minosity/opacity) of the stellar populations and of the
dust. Taking into account the many geometrical components
needed to fit our Galaxy, searching the whole parameter
space with full radiative transfer calculations is computa-
tionally prohibited. Therefore we had to develop an intelli-
gent searching algorithm, which takes into account the or-
thogonality of the parameters and avoids degeneracies with-
out involving unnecessary combinations of parameters. The
concept of this algorithm is to make use of the fact that dif-
ferent geometrical and amplitude parameters affect prefer-
entially the emission at specific wavelengths. In PT11 it was
already shown that different global parameters affect pref-
erentially the global emission at specific wavelengths. Here
we confirmed this to also be the case for the parameters
describing the surface brightness distributions.
The first step was to run our generic model from PT11
scaled to some initial guess of the global parameters of the
MW, taken either from the literature or from general trends
of external galaxies. This allowed us to produce model
maps of the MW at all wavelengths, and, subsequently,
averaged longitude and latitude profiles (see Figs. 2 - 6), as
well as latitude profiles for narrow strips in longitude (see
Fig. 7). The averaged profiles of the model emission were
derived in the same way as those obtained for the observed
images (see Sect. 2), allowing thus for a direct comparison
between data and model, which formed the basis for the
optimisation process. The following steps were taken in this
process:
1. The emission at 25 µm was used to constrain the ge-
ometry of the very young stellar disk and associated dust,
represented in our model by the clumpy component in form
of star-forming clouds. This is because at this wavelength
the emission is dominated by radiation coming from star-
forming regions, where dust is locally heated by the strong
radiation fields of the young massive stars within the birth
clouds (Popescu et al. 2002, Hippelein et al. 2003, Popescu
et al. 2005, Sauvage et al. 2005, Hinz et al. 2006, Popescu
et al. 2011). At 25 µm there is also a contribution from
stochastically heated dust grains in the diffuse component,
but this is not dominant at this wavelength. We therefore
started the optimisation process by comparing the model
profiles with the corresponding observed ones at 25 µm (see
Fig. 4). We first noticed that the longitude profile is flat
for radii smaller than a characteristic radius, Rin, rather
than increasing exponentially towards the centre, as in our
generic model. This meant that for radii less than Rin we
had to modify the functional form of the emissivity to be
a simple linear function, described by the parameter χ
(see Eqn. 3). We found that a linear decrease of emissivity
with χ = 0.5 produces the observed flattening of the
emission at 25 µm, as seen projected from the position
of the Sun. The inner radius Rin for which the flattening
occurs was unambigously derived to be 4.5 kpc. Beyond
the inner radius the emissivity remains an exponential,
like in the generic model, but with a very abrupt fall-off
with increasing radius. Essentially most of the emission
at this wavelength comes from this very compact (less
radial extended) component. Because at other infrared
wavelengths we found the emission to be more radially
extended, we had to describe the emission at 25 µm with
a separate morphological component, which we call inner
thin disk. While Rin and χ were relatively easily constrained
from the 25 µm data, the scalelength hin−tdisks and scaleheigh
zin−tdisks of the inner thin disk had to be constrained by
running a grid of models for various combinations of these
parameters. Strip profiles in latitude helped us to constrain
a small taper for the scaleheight, with zin−tdisks increasing
linearly with radius. Thus, the optimisation of the 25 µm
data allowed us to constrain Rin, χ, hin−tdisks , and z
in−tdisk
s ,
as well as the amplitude parameter SFRin−tdisk × Fin−tdisk.
2. Using constraints from the PT11 model, we fixed the
scaleheight of the young stellar disk and of the thin dust
disk to be the same as that of the inner thin disk. Thus we






3. The 850 µm Planck band is situated deep in the Rayleigh-
Jeans side of the emission coming from the diffuse dust
component. It is therefore a good tracer of dust column
density. As shown in PT11, the spatially integrated SED
of spiral galaxies scales mainly with the dust opacity, and
is less sensitive to the luminosity of the heating sources.
It is therefore ideal to constrain the distribution of diffuse
dust. We thus considered this wavelength for the 3rd step
in the optimisation. We ran a new RT calculation with the
new values of the parameters constrained in steps 1 − 2,
and compared the model profiles with the corresponding
observed ones at 850 µm (see top row in Fig. 2). This allowed
us to constrain the parameters of the dust disk and some
of the parameters of the thin dust disk. As with the 25 µm
data, the same inner flattening of the radial profiles was
observed, which was found to be reproduced by the same
linear decrease of the dust opacity within the inner radius.





= χ, Rdiskin,d = Rin and R
tdisk
in,d = Rin. Then, we constrained
the scalelength and scaleheight of the dust disk, hdiskd and
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Figure 7. Latitude profiles within small longitude bins at 850 µm.
Finally the amplitude parameters, the opacity of the first
and second dust disks, τf,disk(B) and τf,tdisk(B) were derived.
The amplitude parameters had to be readjusted in further
steps of the optimisation scheme, in particular due to
changes in the stellar luminosity parameters. Overall, the




f,disk(B), τf,tdisk(B) and set Rin and χ for the
dust distributions.
4. Using the constraints from steps 1 − 3, we ran a new RT
calculation and compared profiles at the peak of the dust
emission, at 140 − 240 µm, where the emission is strongly
influenced by the heating from the young stellar disk. Since
the young stellar disk cannot be directly contrained, in the
absence of UV observations, the 140 − 240 µm were esential
in determining the parameters of the UV emitting disk. As
with the 25 µm and 850 µm data, the same inner flattening
of the radial profiles was observed, which was found to
be reproduced by the same linear decrease of the stellar
emissivity in the thin stellar disk, within the inner radius.
Thus we were able to constrain the parameters χtdisks = χ
and Rtdiskin,s = Rin. The stepeness of the exponential profile
outside Rin allowed us to constrain the scalelength of the
young stellar disk, htdisks , and the overall scaling of the
emission constrained the parameter SFRtdisk × (1 − F)tdisk.
Thus, the optimisation of the 140 − 240 µm data allowed us
to constrain htdisks , SFRtdisk × (1 − F)tdisk and set Rin and χ
for the stellar emissivity of the young stellar disk.
5. Using the previous constraints from steps 1 − 4, we ran
a new RT calculation and compared profiles at the NIR
wavelengths (see Fig. 5), where we see the dust attenuated
stellar emission from the old stellar populations. We found
that the emission has a strong contribution from a compact
component, with the same radial extent as the clumpy
component visible at 25 µm. We therefore modelled the
emission with both the standard old stellar disk from PT11,
plus the inner thin disk. In addition we had to again invoke
a linear decrease in the stellar emissivity in the old stellar
disk in order to reproduce the flattening of the radial
profiles in the inner regions, with the bulge component
superimposed on a plateau profile. Thus we adopted the
geometrical parameters of the inner thin disk already
fixed at 25 µm, and we optimised for the scalelength and
scaleheight of the old stellar disk, hdisks and z
disk
s . The strips
latitude profiles allowed us to infer a relatively strong flare
for the scaleheight of the old stellar disk. In the same step
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Figure 8. A schematic representation of the optimisation algorithm.
the amplitude parameters of the old stellar disk LdiskJ,K,L,M,
and of the inner thin disk, Lin−tdiskJ,K,L,M. Thus, the optimisation





Lin−tdiskJ,K,L,M, Reff , b/a, L
bulge
J,K,L,M, and set Rin and χ for the stellar
emissivity of the old stellar disk.
6. Using the previous constraints we ran a new RT calcula-
tion and compared plots at all available wavelengths. Vari-
ous rescalling of the global parameters τf,disk(B), τf,tdisk(B),





needed to produce adequate fits at all wavelengths. This
means that the whole process needed several iterations in
order to converge towards the observed surface brightness
distributions at all wavelengths. A schematic view of the
optimisation procedure is depicted in Fig. 8.
Inspection of the profiles from Figs. 2 - 5 shows an over-
all good agreement between model and observations. We did
not attempted to fit the 12 micron data, as this is sensitive
to PAH abundance, which in our model is fixed and not var-
ied. At 1.2 micron (Fig. 6) we cannot reproduce the emission
within the 4.5 kpc, but this may be due to the more com-
plex geometry of the inner galactic region. As mentioned in
Sect. 3, the Milky Way has a peanut/boxy bulge/bar within
the inner 4.5 kpc, probably dominating the emission at this
wavelength, but we have not explicitly included such a com-
ponent in the model. We only consider a classical ellipsoidal
bulge in the model.
The derivation of the uncertainties in the main geomet-
rical and amplitude parameters of the model (those that are
constrained from data) is described in Appendix ??.
6 RESULTS
6.1 Global properties of the MW
6.1.1 The intrinsic SED of the Milky Way
One of the main results to come out of this work is the
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shown in Fig. 9, together with the different components con-
tributing to the global SED. As expected, in the optical re-
gion the emission is dominated by the old stellar disk and
the bulge, while in the UV the emission is dominated by the
thin stellar disk. Almost half (46%) of the stellar luminos-
ity originates from the old stellar disk, with the rest being
approximately equally distributed between the young stellar
disk and the bulge plus the inner stellar disk.
In the infrared the emission is dominated by the dif-
fuse component for wavelengths larger than 50 Âţm, and
by the clumpy component shortwards of this wavelength. In
the PAH region the emission reverts to being dominated by
the diffuse component. This is in qualitative agreement with
results obtained from other external galaxies (e.g. NGC891
- Popescu et al. 2011 or M33 - Thirwall et al. 2020). Overall
the diffuse component of the Milky Way contributes 81% of
the total dust emission. We predict that (16 ± 1)% of the
stellar luminosity is absorbed by dust and re-emitted in the
infrared/submm, which is a typical value for early type spi-
rals (Popescu & Tuffs 2002, Bianchi et al. 2018), but is much
smaller than, for example, that of M33, for which a value of
(35 ± 3)% was derived in Thirlwall et al. (2020), using the
same type of models. This is in agreement with the fact
that M33 reaches a higher surface density of SFR, as we
will discuss in Sect. 6.1.4. This shows that the Milky Way
is more quiescent, in agreement with its UV/optical colours
being redder than those of NGC891 (Popescu et al. 2011)
and M33 (Thirlwall et al. 2020).
The energy balance between dust absorption and re-
emission is found to be dominated by the young stellar popu-
lations. Thus 71% of the dust luminosity of the Milky Way is
predicted to be powered by the young stars in the thin stellar
disk and inner thin disk. This fractional contribution (Fdustyoung)
is similar to that derived for NGC891 (69%) in Popescu et
al. (2011), but somewhat smaller than that derived for M33
(80%) in Thirlwall et al. (2020). These fractions are system-
atically larger than those derived by Nersesian et al. (2019)
for galaxies of similar Hubble type, although a direct com-
parison is difficult for two reasons. Firstly, the models of
Nersesian et al. (2019) are not based on radiative transfer
calculations, but only on overall energy balance methods.
Secondly, our definition of “young” and “old” is in terms of
geometrical components rather than stellar age. Thus we call
“young” all the stars within the thin (vertical scale-height
ranging between 50-90 pc) disk components, and “old” all
the stars in the disk and bulge. On the other hand other
radiative transfer studies of galaxies found the young stellar
populations to dominate the dust heating, although with a
large spread (63% for M51 in de Looze et al. 2014, between
60 to 80% for M33 in Williams et al. 2019, 50.2% for M81
in Verstock et al. 2020, 83% for NGC1068 in Viaene et al.
2020, ∼ 59% for a sample of 4 barred galaxies in Nersesian
et al. (2020a) and 71.2% for M51 in Nersesian et al. 2020b).
6.1.2 Star-formation rate
The star-formation rate of the Milky Way is an important
quantity, not only for the understanding of the formation
history of our galaxy, but also as a calibrator for external
galaxies. Yet, there has been a huge scatter in the various
estimates provided by the different methods employed, rang-
ing from 0.5−10 M/yr. The past methods involved different
Figure 9. Predicted intrinsic (dust corrected) SED of the Milky
Way, as would be seen by an observer located outside our Galaxy.
Figure 10. Intrinsic stellar emissivity distributions at selected
UV/optical wavebands. Top: radial profiles at z = 0. Bottom:
vertical profiles at R = 0. The profiles of dust opacity (arbitrary
scaled) are overplotted as black dotted lines.
techniques, like ionization rates derived from radio free-free
emission (Smith et al. 1978, Güsten & Mezger 1982, Mezger
1987), from NII 205 µm line emission (Bennett et al. 1994,
McKee & Williams (1997), or from WMAP free-free emis-
sion (Murray & Rahman 2010), SN rates derived from O/B
star counts (Reed 2005), nucleosynthesis measurements de-
rived from gamma-ray data (Diehl et al. 2006) and YSO
star counts (Robitaille & Whitney 2010, Davies et al. 2011).
The SFR derived in this paper is obtained by using, for the
first time, far-infrared data at the peak of the dust emission
SED as the main constraint, in combination with a radiative
transfer method to link it to the emission from the recently
formed stars. Because of this our approach is complementary
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The SFR in our model is derived from the intrinsic
luminosity of the diffuse and clumpy component in the
thin stellar disk and inner thin stellar disk. As described
in Sect. 3.1.2, the conversion between luminosity and SFR
is given by Eqs. 16-18 from PT11. We derive a SFR =
1.25 ± 0.2 M/yr, which is in the range of values with the
most recent determinations of 1.9 ± 0.4 M/yr by Chomiuk
& Povich (2011) and 1.65±0.19 M/yr by Licquia & Newman
(2015). Most of the obscured star formation occurs in our
model in the inner 4.5 kpc, within the inner thin stellar disk,
with SFRin−tdisk = 0.25 M/yr. The rest of 1.0 M/yr is dis-
tributed in the thin stellar disk, with most of the UV photons
escaping and powering the diffuse component (Ftdisk = 0).
6.1.3 Stellar mass
We got a simple estimate of the stellar mass M∗ using
mass-to-luminosity ratios calibrated in terms of color-
magnitude diagrams for external galaxies. For this we
use the optical calibration from Taylor et al. (2011).
By applying this calibration we obtain a stellar mass of
M∗ = (4.9 ± 0.3) × 1010 M, which agrees quite well with
the other estimates from literature. Thus in the review of
Bland-Hawthorne & Gerhard a dynamic stellar mass of
the MW of (5 × 1010) ± (1 × 1010)M is quoted, while the
photometric derived stellar mass of Flynn et al. (2006) is in
the range (4.85 − 5.5) × 1010 M .
6.1.4 Specific star-formation rate and surface density
Using the derived SFR from Sect. 6.1.2 and the stellar mass
derived in Sect. 6.1.3 we calculate a specific star-formation
rate sSFR, defined as the star formation rate per unit stellar
mass, to be sSFR = 2.6 ± 0.4 × 10−11 yr−1. This is similar to
the value of (2.71 ± 0.59) × 10−11yr−1 derived by Licquia &
Newman (2015) using Bayesian methods to analyse various
measurements from the literature.
We also derive a surface density of star-formation rate,
ΣSFR, by using the area of the disk out to the truncation ra-
dius of the model, Rt = 14 kpc. We obtain ΣSFR = (2 ± 0.3) ×
10−3M yr−1 kpc−2. The obscured SFR has a higher surface
density, with ΣobscSFR = 3.9×10
−3M yr−1 kpc−2 within the inner
4.5 kpc. These numbers point towards MW being a relatively
quiescent galaxy, as already anticipated in Sect. 6.1.1. For
example the nearby M33 is more active in forming stars,
in particular in the inner region, reaching a higher surface
density of SFR, with ΣnSFR = 103 × 10
−3 M yr−1 for the nu-
clear region, ΣnSFR = 10×10
−3 M yr−1 for the inner disk, and
ΣnSFR = 3 × 10
−3 M yr−1 for the main disk.
6.1.5 Dust mass and dust opacity
We derived a dust mass for the Milky Way of 4.78 ± 0.06 ×
107 M. Misiriotis et al. (2006) derived a mass of dust of
7.02 × 107 M, which is higher than our value. We believe
that the main reason for this discrepancy is that in Misiri-
otis et al. they did not restrict the modelling to a narrow
strip in latitude, as we did, and therefore their analysis may
be subject to contamination from higher latitude emission
local to the Sun. Looking at gas measurements, the COBE
non-RT analysis incorporating gas of Sodrosky et al. (1997)
estimates 3.5 × 109 M for the HI, and 1.3 × 109 M for the
H2, which means a total gas mass of 4.8×109 M. This would
be in agreement with our dust masses for a gas-to-dust ra-
tio of 100, somewhat less than inferred at the solar circle,
but nevertheless reasonable when one considers the metal-
licity gradient in the Milky Way, which might be expected
to give rise to a increasing gas-to-dust ratio with increasing
galactocentric radius.
The dust opacity has a maximum value at the position
of the inner radius, with τfB(Rin) = 1.48 ± 0.1. The opacity is
dominated by the main dust disk, with τf,disk/τf,tdisk = 5.2.
6.2 Spatial distributions
Examples of resulting stellar and dust distributions are plot-
ted in Fig. 10. The top panel of the figure shows radial pro-
files at mid-plane (z = 0) while the bottom panel shows
vertical profiles at the centre (R = 0). The examples are
at three selected wavelengths: in the ultraviolet (GALEX
NUV), in the optical (B-band) and in the NIR (L band).
The dust distributions are also overplotted as black dotted
lines. The plots show the overall characteristics of the main
constituents of our model: the old stellar disk, the bulge, the
young stellar disk, the inner stellar disk and the dust disk.
Below we describe the results obtain for their corresponding
distributions.
6.2.1 The old stellar disk
Knowledge of the scale-length of the old stellar disk of the
Milky Way has been very uncertain, with values in the
literature ranging from 1.8 to 6.0 kpc. Since optical esti-
mates are prone to strong extinction, infrared determina-
tions were instead used to constrain scalelengths (Kent et
al. 1991, Ruphy et al. 1996, Freudenreich 1998, Drimmel &
Spergel 2001, Lopez-Corredoira et al. 2002, Cabrera-Lavers
et al. 2005, Benjamin et al. 2005, Reyle et al. 2009). Bland-
Hawthorne & Gerhard (2016) analysed existing determina-
tions and produced an average value of hdisks = 2.6 ± 0.5 kpc.
This is consistent with our determination of the scalelength
in the K band of hdisks (K) = 2.2 ± 0.6 kpc. However, in our
model we allow for a wavelength dependent scale-length,
such that this increases monotonically with decreasing op-
tical wavelength. Thus, we derived a B-band scalelength of
hdisks (B) = 3.2± 0.9 kpc. This value was fixed in our model to
be the same as that of the thin stellar disk, and was con-
strained from data at the peak of the dust emission SED.
This value seems to be consistent with results from Bovy
et al. (2012) who suggests that younger stellar populations
may have a longer scale-length of 3 kpc or larger.
Determinations of scale-heights of the old stellar disk
were restricted to the solar neighbourhood and were span-
ning the range of zdisks = 220 − 450 pc. The recommended
value from the review of Bland-Hawthorne & Gerhard (2016)
is zdisks = 300 pc, which is based on Juric et al. (2008). This
derived value is identical to our determination. However, un-
like existing studies that only dealt with the local value, our
model derived a scale-height throughout the volume of the
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showing a moderate flare, with zdisks (0) = 140 ± 20 pc in the
centre, increasing to zdisks (Rin) = 170 ± 20 pc at the inner ra-
dius and to zdisks (R) = 300 ± 20 pc at the solar radius.
6.2.2 The thin stellar disk
The scalelength of the thin stellar disk mainly emitting in
the UV was found to be htdisks = 3.2 ± 0.9 kpc. No other
determinations of this quantity exists in the literature. Our
own determination is constrained from the FIR data at the
peak of the dust emission. In particular the shape of the
latitude profile is strongly influenced by the value of htdisks ,
and this is how this length parameter is derived. For the
scale-heights we found again a radially dependent value,
this time with a linear taper, such that ztdisks (0) = 50 ± 10 pc
and ztdisks (R) = 90 ± 10 pc.
6.2.3 The inner stellar disk
This new stellar component was discovered because of two
features seen in the profiles that could not have been ex-
plained using the existing stellar components. Firstly, the
24 microns revealed an HII component that was mainly dis-
tributed within the inner 4.5 kpc. On the other hand the
FIR latitude profiles required a rather extended young stel-
lar disk in order to provide enough heating to the large scale
distribution of diffuse dust to match the observations. It ap-
peared then that, unlike in our standard model for external
galaxies, we had to decouple the obscured star forming disk
from the young stellar disk, and admit that we have an ex-
tra inner stellar disk where most of the recent star formation
occurs. Secondly, when looking at the NIR latitude profiles,
there was excess emission visible towards the inner 4.5 kpc
region, not accounted for by the main stellar disk. This emis-
sion was therefore associated to this new inner component.
Because the inner thin disk has a very small exponential
scalelength outside the inner radius, it can be said that most
of its stellar emissivity decreases linearly with decreasing ra-
dius. The vertical distribution is that of the thin disk, with
zin−tdisks (0) = 50±10 pc and zin−tdisks (R) = 90±10 pc. It is pos-
sible that our inferred inner thin disk is the axi-symmetric
counterpart of the so-called “long bar”, an overdensity of
sources at positive longitudes with a wide longitude extent
and a narrow extent along the line of sight. The long bar was
inferred by Hammersley et al. (2000), Cabrera-Lavers et al.
(2007), (2008) and Benjamin et al. (2005) using UKIDSS and
GLIMPSE star counts. Wegg et al. (2015) investigated the
long bar using RCG stars and found a total bar half length
of 5.0 ± 0.2 kpc. This is consistent with the compact extent
of our inner thin disk within the inner 4.5 kpc and the sharp
truncation beyond this radius. These features and the local
maximum in the overall stellar and dust emissivity found at
this position are also consistent with the existence of two
logarithmic spiral arms, as proposed by Dobbs & Burkert
(2012).
Perhaps the most important feature of our inner disk,
not found in other studies, is the domination of obscured
star formation within this component. This would suggest a
close correspondence between the distribution of the thin in-
ner disk and that of the CO distribution. Indeed, our results
are in qualitative agreement with the estimates of the CO
surface density, as shown in Miville-Deschenes et al. (2016).
Thus in both the distribution of CO and of our clumpy com-
ponent there is a local peak at around 4.5 kpc, there is a
rapid fall-off beyond 4.5 kpc and there is a decrease within
4.5 kpc. However, there are some quantitative differences in
the rates of fall-off, which can either be due to change in
excitation of the CO or to variations in the escape fraction
of UV photons from the HII regions with radial position.
6.2.4 The dust disk
Most of the diffuse dust is in the form of a disk with scale-
length hdiskd = 5.2 ± 0.8 kpc and scaleheight z
disk
d = 0.14 ±
0.02 kpc. The scalelength is about 1.6 larger than that of
the young stellar disk, result that is in agreement with stud-
ies of external galaxies (Xilouris et al. 1999, De Geyter et al.
2014, 2015). The disk is thicker than the young stellar disk,
but thinner than the old stellar disk, again in agreement
with other studies of external edge-on galaxies (Xilouris et
al. 1999, De Geyter, G. et al. 2014, 2015).
The derived distribution of dust can be compared to the
HI distribution. The atomic hydrogen of the Milky Way was
modelled with two disk components, one with scalelength
of 3.75 kpc and one with scalelength of 7.5 kpc (Kalberla &
Kerp 2009). This is in qualitative agreement with our derived
dust distribution, although a quantitative comparison would
depend on the relative abundance of grains in these two HI
components.
7 DISCUSSION
7.1 The role of the different stellar populations in
heating the dust
In Sect. 6.1.1 we found that 71% of the total dust luminosity
in the Milky Way is powered by the young stellar popula-
tions (Fdustyoung = 0.71) . Although the young stars dominate
the heating mechanisms when integrating over the whole
Galaxy, this is not always the case when looking at local
scales. In Fig. 11 we show radial profiles of these fractions.
They were calculated by integrating the energy absorbed
(from the different stellar populations) over the vertical po-
sitions for each radial bin. One can see that in the inner
1 kpc it is the old stellar population that dominates the
dust heating. This is due to the strong contribution of the
bulge within ∼ 3Reff , with Fdustold following the decrease in the
bulge stellar emissivity with increasing radial distance. At
around 1 kpc from the centre there is roughly equal contri-
bution to the dust heating from both old and young stars.
Between 1 and 2 kpc Fdustold continues to decrease, such that
at 2 kpc the young stellar populations become the domi-
nant heating source, with Fdustyoung(2 kpc) ' 0.65. Between 2
and 6 kpc Fdustyoung remains fairly constant, although it is the
inner thin disk that dominates the heating until 4.5 kpc,
and the thin stellar disk from 4.5 kpc outwards. Between 6
and 14 kpc Fdustyoung shows a shallow monotonic increase, from
Fdustyoung(6 kpc) ' 0.65 to Fdustyoung(14 kpc) ' 0.8. This is mainly
due to the decrease in the dust opacity, with UV photons
being more readily absorbed than the long wavelength pho-
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Figure 11. Radial profiles of the fraction of stellar light from
young (blue line) and old (red line) stellar populations in heating
the dust, Fdustyoung and F
dust
old , respectively. They were calculated by
integrating the energy absorbed from the different stellar popu-
lations over the vertical positions.
Figure 12. Vertical profiles of the fraction of stellar light from
young (blue line) and old (red line) stellar populations in heating
the dust, Fdustyoung and F
dust
old respectively, at R = 4 kpc (top left),
R = 6 kpc (top right), R = 8 kpc (bottom left) and R = 10 kpc
(bottom right).
The variation of Fdust with vertical position is strongly
affected by the disk scale-heights and their variation with
radial distance. To illustrate this point we plotted in Fig. 12
vertical profiles of Fdust at R = 4, 6, 8, 10 kpc. Here we note
that, unlike the radial profiles from Fig. 11 that are aver-
aged over vertical positions, the vertical plots are strips at
a given radius (rather than an average over all radii). The
same blue and red lines are used to represent the contribu-
tion of the young and old stellar populations. To this we
overplotted with dotted red lines the profile of the fraction
Fdustold,disk (without bulge included).
At all radii considered in the profiles from Fig. 12, Fdustyoung
dominates the dust heating at z = 0. As z increases, Fdustyoung
decreases to a minimum before raising again. This is solely
due to the fact that the thin stellar disk (where young stars
reside) has a smaller scale-height than the stellar disk (where
old stars reside). The peak in the Fdustold occurs at around
z ' 0.25 kpc for R = 4 kpc, and systematically shifts to larger
height above the disk at larger radii: at z ' 0.35 kpc for
R = 6 kpc, at z ' 0.5 kpc for R = 8 kpc and at z ' 0.65 kpc
for R = 10 kpc. This is due to the fact that the scaleheights
of the stellar disks increase with radial distance (see Eqs. 4
Figure 13. Left: Radial profile of star-formation rate surface
density, ΣSFR (solid black line). The contribution from the thin
disk and thin inner disk to the ΣSFR are shown with blue and
green lines, respectively. Right: Vertical profiles of star-formation
rate volume density, ρSFR at different radii are plotted with
black (R = 4 kpc), blue (R = 6 kpc), red (R = 8 kpc) and green
(R = 10 kpc).
and 5): linear for the thin stellar disk and quadratic for the
old stellar disk. At even larger heights above the disk Fdustold
decreases due to opacity effects and remains more or less
constant at larger radii (see plots for R = 6, 8, 10 kpc). At
R = 4 kpc we observe a second and more pronounced peak
in the Fdustold at z = 1.8 kpc, which arises due the additional
contribution from the bulge, from stellar photons emitted
from above the dust layer.
We remind the reader that the trends shown in the ver-
tical plots from Fig. 12 could be further influenced by a
possible halo contribution (not included in our model). Col-
lisionaly heated grains (Gail & Sedlmayr 1975, Draine &
Anderson 1985, Dwek 1986, Dwek & Arendt 1992, Popescu
et al. 2000b, Bocchio et al. 2016) may also play a role high
above the disk , although there are no observational con-
straints for this.
7.2 Spatial variation of SFR and stellar mass
In Sect. 6.1.4 we found that ΣSFR = (2 ± 0.3) ×
10−3Myr−1 kpc−2 when averaging over the whole of the
Milky Way. ΣSFR varies though by two orders of magnitude
when moving from the centre to the outer disk. As shown
in the left panel of Fig. 13, there is a maximum of ΣSFR '
1×10−2Myr−1 kpc−2 at around R = 4.5 kpc, where the inner
thin disk (extended bar) ends (has a sharp decline in emis-
sivity). ΣSFR falls to as low as ΣSFR ' 4 × 10−4Myr−1 kpc−2
at around R = 14 kpc, being a factor 10 higher in the centre.
In the right panel of Fig. 13 we show vertical profiles
of SFR volume density, ρSFR, for different radii. There is a
general decrease of ρSFR with vertical distance. The decrease
is steeper for smaller radii and shallower at larger radii, re-
flecting the linear increase in scale-height with radius for the
young stellar populations.
The stellar mass surface density, ΣM∗ , was derived by
scaling the surface density of L-band luminosity to the
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Figure 14. Radial profiles of stellar mass surface density ΣM∗
(left) and specific star-formation rate sSFR (right).
A radial profile is given in the left panel of Fig. 14. The
integration of this profile provides a total mass of M∗ =
(4.6± 0.3) × 1010 M, which is consistent with our global de-
termination of M∗ = 4.9±0.3×1010 M obtained in Sect. 6.1.3
using mass-to-luminosity ratios calibrated in terms of color-
magnitude diagrams and the optical calibration from Taylor
et al. (2011).
The sSFR (right panel of Fig. 14) is relatively constant
with radius, except for the inner 1 kpc, where there is a
strong dip, due to the bulge contribution to the stellar mass.
However, we caution the reader that the central dip may be
overestimated because of our assumption that the bulge has
a simple de Vaucouleurs profile, while in reality the bulge
of the Milky Way has a complex peanut/boxy shape. In the
outer disk, beyond R = 10 kpc, sSFR has a mild increase,
with no dramatic variation in the slope of the profile. It is
therefore reasonable to conclude that the Milky Way has a
relatively constant sSFR throughout most of its radial ex-
tent (at around sSFR ' 5. × 10−11yr−1).
7.3 The attenuation curve of the Milky Way
The average extinction curve of the Milky Way has been
used as a standard means for characterising the effects of
dust on the observed stellar light passing not only through
the interstellar medium (ISM) of the Milky Way, but in gen-
eral, through within spiral galaxies in the nearby universe
and beyond, since there are no equivalent extinction mea-
surements for galaxies other than the Milky Way. Moreover,
attenuation curves derived for spiral galaxies, usually un-
der the assumption of Milky Way extinction characteristics,
have been also compared to the average extinction curve
of the Milky Way, since, in the absence of a well-defined
standard attenuation curve, this has been the only practical
comparison that allows to disentangle the effects of geometry
from the intrinsic properties related to the optical constants
of dust grains. But what is the actual attenuation curve of
the Milky Way and how different is it from the extinction
curve? What would an observer outside the Milky Way de-
rive, lets say, if they were to see the Milky Way at an average
inclination? And what would they derive if they were to see
the Milky Way edge one? Here we predict for the first time
this fundamental property of the Milky Way.
For this we produced images of the Milky Way as it
would be seen by an outside observer with and without dust,
at an inclination of 56◦ and 90◦. By spatially integrating
the apparent and intrinsic emissions we produced the at-
tenuation curve of the Milky Way as seen at two different
orientations.
Figure 15. The predicted normalised attenuation curve of the
Milky Way seen from an outside observer at an intermediate in-
clination of 56◦ (solid red line) and at 90◦ (dotted red line). For
comparison the average normalised extinction curve of the Milky
Way (from Fitzpatrick et al. 1999) is plotted with black line. All
curves are normalized to the corresponding values in the V-band.
7.3.1 The attenuation curve of the Milky Way at an
average inclination
The attenuation curve of the Milky Way at an average incli-
nation is probably the most interesting to derive, as it can
be more readily compared to other curves from the litera-
ture, in particular to average attenuation curves derived over
populations of galaxies using phenomenological models.
In order to provide an easy access to it we fitted the
model of the normalised attenuation curve (Aλ/AV) with the
functional form used in Salim et al. (2018), which is a 3rd
order polynomial plus a Drude profile (their Eqs. 8 and 9).
Using this fit we obtain the attenuation curve of the Milky
Way at an average inclination (56◦):




[λ2 − (0.2175 µm)2]2+λ2(0.035 µm)
(10)
as plotted in Fig. 15 with red solid line. The figure also com-
pares this attenuation curve with the standard Fitzpatrick
extinction curve (whereby both curves have been normalised
to their V-band values). One can see immediately that the
attenuation curve is steeper than the extinction curve. This
is consistent with the predictions from Tuffs et al. (2004)
for spiral galaxies, for the inclination and dust opacity range
considered in the model curve, and also found by other stud-
ies of local universe star-forming galaxies, including Bur-
garella et al. (2005), Conroy et al. (2010), Leja et al. (2017),
Salim et al. (2018). Also, the recent studies based on ra-
diative transfer calculations found similar trends for M51
(de Looze et al. 2014), M31 (Viaene et al. 2014), and M33
(Williams et al. 2019, Thirlwall et al. 2020).
The strength of the 2200 Å bump does not seem to vary
much between the extinction and the attenuation curve (at
56◦). Salim et al. (2018) found that the average attenua-
tion curve of star-forming galaxies exhibit a range of bump
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extinction curve. Interestingly, we can now confirm the re-
sult for the very Milky Way galaxy.
7.3.2 The attenuation curve of the Milky Way as seen
edge-on
The attenuation curve of the Milky Way, as seen by an out-
side observer at 90◦ inclination, gives insights on the varia-
tion of this curve with inclination. One can compare it with
the corresponding curve at an average inclination (see solid
and dotted red lines in Fig. 15). As expected, the increase
in optical depth along the edge-on lines of sight makes the
curve flatter, since the galaxy starts to be more optically
thick throughout the whole range of UV wavelengths. The
overall effect is that the attenuation curve becomes not only
flatter than the attenuation curve at 56◦, but even flatter
than the extinction curve (see Fig. 15). The 2200 Å bump
completely disappears in this edge-on view, solely as an ef-
fect of increased opacity.
7.4 Comparison of the Milky Way with external
galaxies
The Milky Way has been used as our nearest laboratory for
studies of galactic archeology, under the assumption that
our own Galaxy is a typical spiral in the local Universe.
But is this true? This question has been raised by differ-
ent studies, including those trying to understand how rep-
resentative the MW halo and nearby environment is. Thus,
Robotham et al. (2012) analysed the GAMA Galaxy Group
Catalogue (G3Cv1) groups (Robotham et al. 2011) drawn
from the GAMA survey (Driver et al. 2011) with the aim of
addressing the following question: “how common is it to ob-
serve one or two relatively large (stellar mass > 1× 108M),
star-forming satellites close to galaxies with stellar masses
within 0.3 dex of the MW?”. They found that analogues to
the MW-LMC-SMC system are quite rare, occuring with
only 0.4 per cent probability. This would indicate that the
MW and its close environment is not typical. But, as Bland-
Hawthorne & Gerhard (2016) indicated in their review, the
MW is typical in some key respects, but atypical in others.
Having done a multiwavelength SED modelling of the
MW it is now interesting to ask again this question based on
the current results. For this we plot the position of the MW
in the star formation rate vs stellar mass relation (Fig. 16),
using as a comparison a volume limited sample of 5202 mor-
phologically selected, disk-dominated galaxies drawn from
the GAMA survey (Driver et al. 2011, Hopkins et al. 2013,
Liske et al. 2015) by Grootes et al. (2017). The GAMA data
were corrected for dust attenuation using the same radiative
transfer models as used in this paper, under the formalism
from Popescu et al. (2011). SFRs for the GAMA galaxies
were derived from the intrinsic i- and g-band photometry
following Taylor et al. (2011). The median for each bin in
stellar mass is plotted as black solid symbols, while the main
sequence relation is defined by the dashed line. One can see
that the MW lies just below the main sequence of disk galax-
ies, in the so called Green Valley. This result shows that the
Milky Way is slightly more quiescent than a typical spiral of
the same mass and is consistent with Licquia et al. (2015),














Figure 16. The position of the Milky Way in the SFR versus
stellar mass relation, as defined by the field reference sample of
Grootes et al. (2017). The solid line is the regression fit to a single
power-law model given in table 2 of Grootes et al. (2018).
conclusion is that the MW is not a typical spiral on the“blue
sequence”, but a spiral in transition.
8 SUMMARY
Radiative transfer modelling of the spatial and spectral en-
ergy distribution of galaxies is critical in deriving the under-
lying intrinsic large-scale distributions of stellar emissivity
and dust. This type of modelling has been usually applied
to galaxies other than our own, since it is easier to solve
the inverse problem for an outside view. In this paper we
showed how our models for external galaxies (e.g. Popescu
et al. 2011) have been successfully adapted for the inside
view of the Milky Way.
We derived an axi-symmetric model of the Milky Way
based on the available all-sky observed maps ranging from
the NIR to submm. We used zodiacal-light subtracted maps
from COBE, IRAS and PLANCK and limited the compar-
ison between data and models within a strip of fixed size
in latitude centred around the Galactic Plane, to avoid con-
tamination from nearby Cirrus clouds. The main results are
as follows:
• We derived a total SFR = 1.25 ± 0.2M/yr, of which
1 M/yr is distributed in a thin stellar disk encompassing
the whole extent of the Milky Way, and 0.25 M/yr repre-
sents obscured star formation mostly happening in the inner
4.5 kpc. The surface density of SFR averaged over the whole
Galaxy is Σsfr = (2±0.3)×10−3M yr−1 kpc−2. The ΣSFR varies
across the disk of the Milky Way by 2 orders of magnitude.
• The stellar mass of the Milky Way is M∗ = 4.9 ± 0.3 ×
1010 M.
• The specific star-formation rate (averaged over the
whole Galaxy) is sSFR = 2.6±0.4×10−11 yr−1. Except for the
inner 1 kpc, the Milky Way has a relatively constant sSFR
at around sSFR ' 5. × 10−11yr−1.
• The face-on B-band dust opacity distribution has a
maximum of 1.48 ± 0.1 at a radial distance of 4.5 kpc.
• The scale-length of the old stellar disk is hdisks (K) = 2.2±
0.6 kpc and hdisks (B) = 3.2 ± 0.9 kpc.
• The scale-height of the old stellar disk is zdisks (0) = 140±
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• The scale-length of the young stellar disk is htdisks =
3.2 ± 0.9 kpc.
• The scale-height of the young stellar disk is ztdisks (0) =
50 ± 10 pc and ztdisks (8 kpc) = 90 ± 10 pc.
• We found an inner stellar disk within the inner 4.5 kpc
which may be the counterpart of the so-called long-bar of
the Milky Way (Hammersley et al. 2000, Cabrera-Lavers et
al. 2007, 2008, Benjamin et al. 2005, Wegg et al. 2015).
• The scalelength of the dust disk is hd = 5.2 ± 0.8 kpc.
• 71% of the dust heating (Fdust) is powered by the young
stellar populations in the thin stellar disk and inner thin
stellar disk. Although the young stars dominate the heat-
ing mechanisms when integrating over the whole Galaxy, we
found that this is not always the case at local scales. The old
stellar populations from the bulge dominate the dust heating
in the inner 1 kpc, as well as at some higher vertical distances
above the plane. The variation of Fdust with vertical position
is not monotonic, but has a local minimum/maximum. This
is a result of the different vertical distributions of young and
old stars and dust opacity effects.
• We predict the attenuation curve of the Milky Way,
as seen by an external (to the Milky Way) observer (at an
average inclination of i = 56◦) and present the result in terms
of a functional fit (Eq. 9). We find that the slope of the
i = 56◦ MW attenuation curve is steeper than that of the
MW extinction curve, with a similar strength of the 2200
bump. We also predict the attenuation curve at an edge-on
inclination and find its slope to be flatter than that of the
extinction curve. The bump completely disappears in the
i = 90◦ attenuation curve.
• The position of the MW in the space defined by the
star-formation rate vs stellar mass relation is slightly below
the “blue sequence”, consistent with the Milky Way lying in
the Green Valley.
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APPENDIX A: ERROR ANALYSIS FOR THE OBSERVED SURFACE BRIGHTNESS PROFILES
The errors in the surface brightness profiles have three components: calibration errors, background fluctuations and configu-
ration noise.
The background noise was derived as follows. We first estimated the background in regions of 2 deg in latitude above
and below the Galactic Plane Strip and in longitude bins of 1 deg. For each bin in longitude s we define a background strip
s which is further divided in latitude bins i. The sky value Fbg,i for the latitude bin i is then derived as an average of the







where Ni is the total number of pixels within the latitude bin i. The error in this average is calculated from the pixel-to-pixel







(Fn − Fbg,i)2 (A2)






These uncertainties are then input into the linear function fit which predicts the background within each of the longitude bin
s of the Galactic Plane Strip. The end result is a set of background values Fbg,fit,i and associated uncertainties εbg,fit,i for each
sampled point i within each background strip s. Then, for each strip in latitude for which an averaged Fbg,fit,i is calculated, we






where Ns is the total number of latitude bins in the strip s. The strips are then mirrored when producing the final averaged
profiles, and as such the background error in each averaged strip is found by calculating the RMS for each mirrored pair. The
background noise in the latitude profiles is calculated following a similar procedure as for the longitude profiles.
Another component of errors in the average surface brightness profiles is what we call the configuration noise, which arises
from deviations of the observed brightness from an assumed axisymmetric distribution. The configuration noise was calculated
as follows. For the average longitude profiles we consider for each bin in longitude the Q=4 strips in latitude that were used to
derive the average: the strip above the plane at the given longitude, the strip above the plane at the corresponding mirrored
longitude, the strip below the plane at the given longitude and the strip below the plane at the corresponding mirrored
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The configuration noise for the average latitude profiles was calculated in a similar manner. Thus, for each bin in latitude
we consider the Q = 4 strips in longitude that were used to derive the average: the strip with positive longitude4 at the given
latitude, the strip with positive longitude at the corresponding mirrored latitude, the strip with negative longitude at the
given latitude and the strip at negative longitude and the corresponding mirrored latitude. The errors for the average latitude
profiles are then given by the same formulas from Eqns 1-4.








whereby the first term is independent of longitude/latitude, while the second and third terms are longitude/latitude dependent.
APPENDIX B: THE STELLAR LUMINOSITY AND THE DUST MASS
The spatial integration of the disk emissivity (Eq. 1) up to the truncation radius Rt and the truncation height zt, where


















































In the case of a stellar disk component, Eqs. ??,??,?? provide its spatially integrated stellar luminosity, by taking A0 to be
the central volume luminosity density L0, and i=‘s’. Thus the stellar disk luminosity is
L = I(L0, hs, zs), (B4)
where hs,zs are the scalelength and height of that disk.
In the case of a dust component Eqs. ??,??,?? provide its dust mass, by taking A0 to be the central volume density of
dust
ρc = τc/(2κzd) (B5)
and i=‘d’, where τc is the central face-on dust opacity and κ is the mass extinction coefficient. Thus the dust mass is
Md = I(ρc, hd, zd), (B6)
where hd,zd are the scalelength and height of that dust disk.
APPENDIX C: THE ERROR ANALYSIS FOR THE MODEL
The uncertainties in the main geometrical parameters of the model (those that are constrained from data) were derived by
looking at the departure from the best-fitting model of only one parameter at a time, at the wavelength at which the parameter
was optimized. For example, for the scalelength of the thick dust disc, hd, we show in Fig. ?? how the fit to the averaged
longitude and latitude profiles of surface brightness changes for a change in hd (dotted lines) that corresponds to the adopted
error in hd. Because the large variation in amplitude was compensated for in the optimization by a subsequent variation in the
amplitude parameter, τfB, we also show the variation after the profiles were rescaled to fit the central flat part of the longitude
profiles (shaded area). The shaded area is then taken to represent the uncertainty in the model fit.
In a similar way we show in Figs. ??, ??, ??, ?? the variation in the average longitude or latitude profiles due to the
variation of the following pairs of parameters: zd and τf(B), hin−tdisks and SFRin−tdisk×F in−tdisk, zin−tdisks and SFRin−tdisk×F in−tdisk,
htdisks and SFRtdisk × (1 − F tdisk), hdisks (M) and Ldisk(M), zdisks (M) and Ldisk(M), at the corresponding wavelength where the pair
of parameters each parameter was optimised.
The goodness of the fit to the observed average surface brightness profiles was quantified through a chi-squared calculation
at the key wavelengths where the model is optimized (850, 24, 240, 4.9 µm):
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Figure C1. Variation in the average longitude and latitude model profiles (dotted lines) of surface brightness at 850µm due to 15%
variation in the hd. The corresponding observed profiles are plotted with a solid line. The shaded area represents the variation in the
models after the same change in hd but this time accompanied by a change in the τ
f (B) parameter, such that the centre region of the
850µm longitude profile is fitted. This is equivalent to the conditional probability analysis conducted to find errors in hd and τf (B).
Figure C2. Variation in the average latitude model profiles (shaded area) of surface brightness at 850µm due to 15% variation in the
zd and a change in the τ
f (B) parameter, such that the centre region of the 850µm longitude profile is fitted. The corresponding observed












where N is the number of bins in the latitude or longitude profile, Oi and Mi are the averaged surface brightnesses for the bin
i of the observed and modelled longitude or latitude profiles, respectively, and εSB,i is the error for the bin i of the profile, as
derived using Eqn. ??. The corresponding reduced chi-squared chi2r are listed in Table ??. The reduced chi-squared value for
the model across all wavelengths is chi2r = 2.29.
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Figure C3. Left: Variation in the average longitude model profiles (shaded area) of surface brightness at 24µm due to +50% − 30%
variation in the hin−tdisks and a change in the SFRin−tdisk × F in−tdisk parameter, such that the centre region of the 24µm longitude profile is
fitted. Right: Variation in the average latitude model profiles (shaded area) of surface brightness at 24µm due to +25% − 15% variation
in the zin−tdisks and a change in the SFRin−tdisk × F in−tdisk parameter, such that the centre region of the 24µm longitude profile is fitted. The
corresponding observed profiles are plotted with a solid line.
Figure C4. Variation in the average longitude model profiles (shaded area) of surface brightness at 240µm due to 30% variation in the
htdisks and a change in the SFRtdisk × (1 − F) tdisk parameter, such that the centre region of the 240µm longitude profile is fitted.
Table C1. The chi2r values for the best-fitting model and the upper and lower error models at the wavelengths where the model was
optimized. The table is organised as follows: Column 1 gives the pair of parameters that were constrained from a specific wavelength;
Column 2 gives the wavelength where the pair of parameters from Column 1 was optimized; Column 3 gives the type of profile that
constrains the pair of parameters, being either average longitude profile (long) or average latitude profile (lat); Column 4 gives the chi2r
for the best fit model; Column 5 gives the chi2r for the upper error model; Column 6 gives the chi2r for the lower error model.
parameter λ [µm] profile Best e+ e-
hd, τd 850 long 1.28 3.15 4.79
zd, τd 850 lat 0.53 2.25 3.50
hin−tdisks , SFRin−tdisk × F in−tdisk 24 long 3.5 7.78 12.38
zin−tdisks , SFRin−tdisk × F in−tdisk 24 lat 0.68 3.2 1.99
htdisks , SFRtdisk × (1 − F tdisk) 240 long 2.18 4.72 6.17
hdisks (M), Ldisk 4.9 long 2.74 5.14 8.6
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Figure C5. Left: Variation in the average longitude model profiles (shaded area) of surface brightness at 4.9µm due to 25% variation in
the hdisks (M) and a change in the Ldisk(M) parameter, such that the centre region of the 4.9µm longitude profile is fitted. Right: Variation
in the average latitude model profiles (shaded area) of surface brightness at 4.9µm due to 25% variation in the zdisks (M) and a change
in the Ldisk(M) parameter, such that the centre region of the 4.9µm longitude profile is fitted. The corresponding observed profiles are










entral Lancashire user on 07 O
ctober 2021
